define substrate specificity. The PTPs consist of a single ␣ϩ␤ type domain where the four parallel ␤-strands forming the core are sandwiched by ␣-helices. Amino acids within the PTP signature motif HCxxGxxRS(T) (shown in red, Figure 2A ,B) are found between the ␤-strand that ends with HC and the ␣-helix which starts with RS of the signature motif. These amino acids form the phosphate binding pocket for substrate. At the base of the activesite cleft sits the cysteine catalytic nucleophile (Shown in green, Figure 2A ,B). The arginine (shown in blue, Figure  2A ,B) guanidinium group points in toward the active site to assist in phosphate binding and catalysis. Located roughly 30-40 residues amino-terminal of the cysteine nucleophile is a catalytically important aspartic acid (shown in gold, Figure 2A ,B) located on a flexible loop (shown in yellow, Figure 2A ,B) which undergoes a dramatic conformational change when substrate is bound to enzyme.
The major structural differences in the catalytic domain of the PTPs and the dual-specificity PTPs occur at overall depth of the active-site pocket. In VHR there is
The picture was created using Molscript and Raster3D. no sequence homology within this region; instead, the loop connecting ␣1 and ␤1 is 75% shorter than PTP1B (shown in magenta, Figure 2A ). As a result, the lack of between the PTPs and the dual specificity phosphaan extensive loop structure decreases the overall depth tases, there is less than 5% sequence identity. This of the pocket. It has therefore been suggested that a low sequence identity is only slightly better than that determinant of phospho-tyrosine specificity or dual predicted by random chance for two completely unrespecificity of PTPs lies within the depth of the pocket. lated proteins. Despite this limited identity, the recently The shallower pocket (6Å ) of VHR can accommodate solved X-ray structure (Yuvaniyama, et al., 1996) of the both phosphotyrosine and phosphoserine/threonine, human dual specificity phosphatase VHR (Vaccinia H1-whereas with PTP1B and the Yersinia PTP, only the related) reveals that the overall structural fold (Figure longer phosphotyrosine moiety can reach the cysteine 2A) is amazingly similar to the structures of PTP1B (Barnucleophile located at the base of the active-site cleft ford et al., 1994; Figure 2B ) and the Yersinia PTP (9Å deep) (Yuvaniyama, et al., 1996) . It is attractive to (Stuckey et al., 1994) . Direct comparison of VHR with suggest that the region between a1 and b1 may play a PTP1B and with the Yersinia PTP provides insight into major role in substrate specificity and recognition for all what structural elements constitute the minimum PTP catalytic domain as well as suggesting what regions PTPs; however, this remains to be tested. Recently the X-ray stucture of the membrane-proximal catalytic domain (D1) of a receptor-like PTP (murine RPTP␣) was recently described by Bilwes et al. (1996) . Structural differences from the PTP1B fold were observed, with the most significant deviatation seen at the amino-terminal helix-turn-helix region of RPTP␣. The turn of this segment was found inserted into the active site of a dyad-related D1 monomer. The authors propose that this dimerization is a physiological mechanism for downregulating the activity of receptor-like PTPs. These provocative results provide the basis for further biochemical studies into the importance of dimerization for ester bond. The use of a cysteine, arginine and aspartic acid residue suggests a similar mechanism is employed by the two families of phosphatases.
Protein Tyrosine Phosphatases
In contrast to the catalytic mechanism employed by PPs, the PTPs proceed through a phosphoenzyme interMolecular Reaction Mechanism mediate. The enzymatic reaction involves phosphorylSerine/Threonine Protein Phosphatases cysteine intermediate formation after nucleophilic atCatalysis by the PPs (members of the PP1 and PP2A/B tack of the phosphorus atom of the substrate by the family) has been proposed to proceed by direct attack thiolate anion of cysteine (Denu et al., 1996) . The reacof an activated water molecule at the phosphorus center tion can be represented as a two-step chemical process: of the substrate, without phosphoryl transfer to the enphosphoryl transfer to the enzyme accompanied by zyme (Egloff et al., 1995) . However, only limited data is rapid release of dephosphorylated product (denoted by available concerning the catalytic mechanism of PPs. rate constant k (formation) in Equation 1); and hydrolysis of The structurally related purple acid phosphatase has the thiol-phosphate intermediate concomitant with been shown to proceed through inversion of conformarapid release of phosphate (denoted by rate constant tion of the phosphate moiety, strongly suggesting that k (hydrolysis) in Equation 1). no phosphoenzyme intermediate is formed during catalysis (Mueller, et al., 1993) . Nucleophilic attack of water at the phosphorus atom of substrate is thought to occur via an activated water molecule that is bridged between the two metal ions. Expulsion of the leaving group may be enhanced by protonation from a nearby histidine
(1) (shown in blue, Figure 1 ) acting as a general acid. An aspartic acid (shown in orange, Figure 1 ) interacts with To form the catalytically competent complex ES, the this histidine and may assist in orientation or may help enzyme binds and reacts with the dianion of phosphatepolarize the histidine for optimal proton transfer. Alcontaining substrate ( Figure 3A) . On the enzyme an though several amino acids have been implicated in aspartic acid must be protonated and the nucleophilic either metal binding or catalysis (Figure 1) , further studcysteine must be unprotonated (thiolate anion) for phosies are needed to substantiate the proposed reaction phoryl transfer to the enzyme (Denu et al., 1996 ; Zhang, mechanism and probe the function of specific amino 1995). In the Michaelis complex (Jia et al., 1995) , the three nonbridging oxygens of the phosphoryl group are acids. coordinated by bidentate hydrogen bonds to the guafashion. The aspartic acid makes a hydrogen bond of 2.8 Å to the apical oxygen of vanadate, consistent with nidinium group of arginine and by the backbone amide the role as general acid/base. N-H groups of the active-site loop ( Figure 3A) . Situated
The recently solved structures of protein phosphadirectly underneath the phosphoryl group and at the tases have greatly advanced our knowledge of the mobase of the active-site cleft, is the nucleophilic cysteine lecular mechanism of catalysis and substrate specificity. thiolate anion (shown in green, Figure 3A) . The substrate
Understanding the molecular events of these essential (shown in yellow, Figure 3A ) is positioned such that reactions will lead to a better understanding of the speattack of the thiolate is directly in line with the P-O bond cific physiological functionsof theprotein phosphatases. and ideally situated for efficient expulsion of the leaving Also, a detailed description of the inherent differences group. To further enhance leaving group expulsion, near between and among PTPs and PPs will undoubtedly the top of the cleft the aspartic acid is positioned to augment the search for and design of specific phosphaact as a general acid by protonating the leaving group tase inhibitors. phenolic oxygen. The aspartic acid is found on a sepaBecause of reference limitations imposed in minirevrate loop (shown in yellow, Figure 2 ) that was shown to iews, we wish to acknowledge the important contribube flexible for both Yersinia PTP (Stuckey et al., 1994) tions made by other investigators whose work we were and PTP1B (Jia et al., 1995) . When the enzyme is comunable to cite. Reference to this work can be found plexed with phosphorylated substrates, this loop folds within the cited publications of many of the selected over the active site, bringing the aspartic acid into posireading articles. tion for leaving group protonation. In the open conformation, the loop is flipped away from the active site and in VHR is capable of such dramatic movement. In the Bilwes, A.M., Hertog, J., Hunter, T., and Noel, J.P. (1996) . Nature sulfate-bound complex of VHR, the loop does not cover 383, 555-559. the active site to the same extent as in the other two Denu, J.M., Lohse, D.L., Vijayalakshmi, J., Saper, M.A., and Dixon, J.E. (1996) . Proc. Natl. Acad. Sci. USA 93, 2493 USA 93, -2498 PTP crystal structures (Yuvaniyama et al., 1996) .
To explore the transition-state structure for catalysis, Egloff, M.P., Cohen, P.T., Reinemer, P., and Barford, D. (1995) . J. Mol. Biol. 254, [942] [943] [944] [945] [946] [947] [948] [949] [950] [951] [952] [953] [954] [955] [956] [957] [958] [959] heavy atom kinetic isotope effects have been measured Goldberg, J., Huang, H., Young-guen, K., Greengard, P., Nairn, A.C., with PTP1, Yersinia PTP and VHR (Hengge et al., 1996) .
and Kuriyan, J. (1995) . Nature 376, 745-753.
The kinetic isotope effects indicate that P-O bond cleavGriffith, J.P., Kim, J.L., Kim, E.E., Sintchak, M.D., Thomson, J.A., age is far advanced and there is little bond formation Fitzbibbon, M.J., Fleming, M.A., Caron, P.R., Hsiao, K., and Navia, to the nucleophile cysteine during the transition state.
